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Abstract— Disseminating traffic related information to vehic- Given that an infrastructure is made available, it is stilt n

ular users is increasingly becoming a necessity nowadays the trivial to design a system that distributes on-demand mfor

context of Intelligent Transportation Systems (ITS). Howser, 4o describing the traffic conditions and the availablélities

till date there does not exist an efficient model for informaton . . . .

delivery to achieve this objective. in a geographic region. Earher work [111, [14], [5], [3],QL_
We introduce TRAC, an architecture designed to support has proposed the use of publish/subscribe model to faeilita

dissemination of location-sensitive real-time traffic inbrmation the dissemination of information in a mobile environment.

specifically targeted towards highly mobile users (vehickemoving  However, as described in the next section, traditional gt/

at high speeds). We believe that this is the first in-depth stly  gystems have their own limitations in being able to support

investigating the various components involved in designip a traffic inf tion di inati | h atabil
traffic information system using the publish/subscribe moel. rafiic information dissemination. [SSUes such as scafgol

Additionally, we introduce the concept of virtual publishers and ~location-dependence, intermittent connectivity and hngb-
subscription predictions to make the traditional publish/subscribe  bility are not handled efficiently by traditional systemsmA
paradigm better suited for applications like traffic inform ation  feasible solution needs a communication architecture ke ta
accumulation. Using extensive simulations, we argue for ® a5 account that the queries alecation sensitiveand that
feasibility of our proposed architecture. . .
the sources for a particular query also tend toldealized
|. INTRODUCTION There is thus a need for fast and dynamic organization of
the communication leveraging the crucial role of geographi
Ffsition of the nodes and the locality properties exhibligd
em.

Traffic congestion is a major problem in many location
throughout the world. People lose valuable time, fuel a

sanity when traveling at sub-optimal speeds. Over the past f To this end, in this study we propose an architecture for

years,.travellers in the USA .alon_e h.ave spent over 3.7 bl”'(Eﬁ'ssemination of time-sensitive data in mobile environtaen
hours in traffic delay$. The situation is getting worse becaus sing the publish/subscribe model. Specifically, we focas o
LkJ'S' urbar!tr?rt(:]as. have not_ agdeda%f&road capacity needf éo problem of providing services that distribute realdjm
€ep up wi € Increase in demanavioreover, oneé cannot ,, yemand information about traffic conditions (e.g. agera
predict unexpected delays due to accidents, weather, iete Sspeeds on a set of roads). We have named our syStafic

we cannot guarantee free-flowing traffic conditions we have Accumulator (TRAC) ’

go to the next best step of providing accurate updates twallo Our key contributions are (1) We are the first to conduct

users to makg mformed-deusmns based on g:urre_nt conshpoa{}' in-depth design and analysis of a traffic information dis-
to reach their destinations faster. A real-time informmatio

di i : g th t traffic ciordit semination system using a pub/sub model, (2) We define the
Issemination system anhouncing the current traftic c TRAC architecture and abstractions suchvatual publisher
to the travelers is predicted to alleviate the situation to

ghd subscription predictionso make the traditional pub/sub
large ex.tent [1]. ansequen.tly, recent efforts.have foduse system better suited for location sensitive applications i
devglopmg custqm|zed Intelligent Transportauon Syﬁg@ highly mobile environments and (3) We evaluate our proposed
Services for V?h'CIeS [1]. [1.1]' These services WO_Uld m”[?‘ system through extensive simulations that accurately inode
variety of static and dynamic data from participating védsc

and the deployed road side infrastructure. The recentlpizdo vehicular movements in a real street map.
Dedicated Short-Range Communication (DSRC) spectrum fofoblem Formulation

vehicle-to-vehicle and vehicle-to-infrastructure mualiannel
communication is expected to play an important role in req|;S
izing such a system supporting real-time information disise
nation. Information could also be aggregated and dissesn
using WiFi communities like FON. This will alleviate the
need of explicit deployment of access points.

A number of recent research efforts have argued that pub-
h/subscribe paradigm is suited for a varietynodbileinfor-
mation dissemination applications ranging from thoseidgal
Awith safety critical information to commercial applicat®
such as weather and traffic information dissemination [11],
[14], [5], [3], [10]. However, our evaluation of the problem
Lhttp:/iwww.usatoday.com/news/nation/2005-05-09fiteastudy x.htm during the design of TRAC showed that traditional pub/sub

Zhttp://www.npr.org/templates/story/story.php?stdr4645279 paradigm is nOt dir_eCtly applicable for the purposes officaf
3http://en.fon.com information dissemination.



ever, in our system, the number of publishers and subssriber
arelarge and equalin number.

Connection time: In our problem scenariointermittent
connectivityis a rule rather than an exception. For vehicles
wb‘b moving at high speeds, the effective average connectioa tim
Road R would be no more than a few seconds. Given toanect-

publish-disconneatature of the publishers in our system, the
e ey e ety overhead of constructing a multicast tree for each publishe
2 Publish Speed for R1 would far outweigh any savings achieved in the delivery of
publications.

Location dependenceSince the data published by a partic-
ular vehicle changes with the publisher’s location, theafet
interested subscribers would also change. Previous scheme
14], [3] proposed to help traditional pub/sub systems cope
th mobility are thus no longer applicable.
ﬁ_ocality of publications: We can expect the data published

Fig. 1. Problem Scenario

Consider the above problem scenario (Figure 1) in which t
DSRC access points are either explicitly deployed or acces

poLr:lFshare use(tj from a WiFi (aomrgum%/. Ina pui)/sub syst.ergy vehicles under the range of an access point to be similar
publishers post messages and subscribers register st ' in content. Exploiting this locality of publications by r&ing

with a soft\_/vare entity known as brokers. In our scenario, tl?ﬁe multicast trees would reduce the cost of mobility, but
access points can act as brokers that determine where gitional pub/sub system would be oblivious to such a
how the information should propagate. The vehicles wou operty

act as publishers as well as subscribers. Whenever theleghi Subscriber locality: Subscribers would typically tend to

come under the_ r.ange_of an access point, they connect torflréelocalized to a set of brokers rather than being interested
broker and patrticipate in the pub/sub system. In the role of.

blish hicl Id d out advert ts abaut if7 information coming from brokers spread throughout the
publisher, a venicie would send out agverisements ab@®t Wiy ok The publishers and the subscribers interesteueim t

road segments it has been through. Th?se advertisemen_tsv\%rgld also tend to be geographically localized. It is impaott
flooded through the broker network and interested subssrlbgo our system to take advantage of these properties

respond to them along the reverse path. This reverse pat ignificance of each publication: Unlike most pub/sub

results in forming a broker multicast tree to ensure efficie ystems, supporting disconnected operation of subssriber

pro_pagation of pl.Jb"Shed informgtion to a.‘" interested 'Su%ur system does not require a broker to store and replay
scribers. The vehicle would publish data (it would have se e missed publications when a subscriber reconnects to the

out new a_ldvertisements as it traverses new roa_ld Segments) & ork. This is because the subscribers are not interésted
long as it is under the coverage of the access point and ttas e publications from any particular publisher (vehicleyt

is forwarded a}long the multicast tree. When the ve.h|cle rBOVE, aggregate/average valu€onsequently, the importance of

out, unadvertisements would be propagated tearing down A published information diminishes

multicast tree (Stgps shown in Flgu_re 2)- i _ Time-sensitivity of data: Traffic conditions can change
If we were to implement a traffic accumulation and disgery quickly and as a result the published information has

semination solution using the system described in [14], g pe gelivered to the interested subscriberseiml-time

a subscriber, the vehicle would request information about A\obility: Both publishers and subscribers are mobite

path (a set of road segments) or a region that the user of fi&. 1, ohjem which makes the system highly inefficient under

vehicle intends to traverse. If a broker residing on the 8€cg,,4itional pub/sub system because of maintaining state pe

point has previously received any matching advertisementsiisher and the cost incurred in building and tearing down
it would send out the subscriptions along the reverse pgfllag

thereby joining the corresponding multicast tree(s). Vven g apility: The architecture needs to be scalable as the
the broker receives any matching publications for this sufy,mper of participating users could be huge.

scription, it would forward them to the vehicle. The vehicle TRAc efficiently handles the above stated inadequacies
would continue to receive new publ_lcat|0ns as I(_)ng as it i requirements using a novel conceptvatual publisher
under the coverage of the access point. Unsubscription&woy, 4 optimizations likesubscription predictionsOur objective
be propagated, tearing down the corresponding branch{es)pjje designing TRAC has been to distribute on-demand
multicast tree(s) when the vehicle moves out. traffic information to highly mobile users at a minimal latgn

~ We now present the important requirements and charactefigyticast tree building time) while incurring a relatiyelbw
tics of such a system and argue that traditional pub/suleysst message overhead.

are inadequate to satisfy them:

Number of Publishers vs. Subscribers Traditional pub- Roadmap
lish/subscribe systems assume that the number of subcribe The rest of this paper is structured as follows. In the next
typically outnumber the publishers. It is this assumptibatt section we present the design of the TRAC architecture. In
justifies flooding of advertisements Bach publisherHow- Section Il we present evaluation results from our expernitae
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Fig. 3. TRAC: Architecture

Fig. 2. Traditional Publisher vs. Virtual Publisher

the virtual publisher tree as this would reduce the unnecgss
propagation of subscriptions towards the broker. It is fvort
noting that in TRAC, such cases are few and far between as
the number of publishers are large and the locality of their
II. TRAC: ARCHITECTURE ANDALGORITHMS publications is very high.

In this section we discuss in detail the various componerﬁ‘ e
. ) . . ) tities in TRAC
involved in TRAC. We also discuss the rationale behind our

In Section IV we highlight the prior work in this area of
interest and finally we conclude in Section V.

design choices. We now describe the entities that participate in TRAC.
) Vehicles act as publishers as well as subscriberd.ight
Key Concept: Virtual Publisher weight agent (LWA)esides on the DSRC/802.11 access points

The primary drawback of traditional pub/sub systems is thtt which the publishers/subscribers connect and parteijpe
they store state per publisher. Even when multiple publishéhe publish/subscribe operation. An LWA interacts with the
(vehicles) publish similar information, the system counsts a publishers, subscribers and a broker. The broker module may
tree for each publisher. Although optimizations ligevering reside on the access point itself, or might be located on a
[14] do help in reuse of the existing trees, they might nseparate node. It is responsible for content-based roatirg
be effective in a highly mobile environment where connettidnteracts with other brokers in the pub/sub system.
times are very short. We propose usingtatelesanethod of Publisher/Subscriber: In TRAC, real-time traffic informa-
publishing. Instead of building an advertisement/mufitdeee tion has to be collected before it can be disseminated to
for each publisher, we introduce an abstraction calletlal the interested subscribers. We propose to collect this data
Publisher. The motivation lies in the fact that in location-directly from the vehicles. TRAC assumes that the vehicles
sensitive applications, many publishers are publishinglar are equipped with GPS receivers to record accurate position
information and a subscriber is not interested in any paeic ing information. Vehicles might also have an optional on-
publisher’s data, but in the aggregated information. Thius,board diagnostics system (OBD) interface that can be used
is better for a system to constructrae per data itenrather to collect data (speed of the vehicle, acceleration, etomf
than a tree per publisher. the electrical/mechanical sensors installed on the vehicl

When a publisher connects to a broker, it simply publish&&hicles should also be equipped with a wireless network
the data and disconnects. The broker then sends out coveiirtgrface (802.11 or DSRC) to communicate with the access
advertisements for the data to other brokers in the netwogaints. TRAC also assumes that vehicles come installed with
When the subscriptions from the interested subscribechrea navigation module that provides a simple abstraction of
the broker, a multicast tree for the data is built. The brokéne road network [2] and has the capability of mapping
then publishes the data. However, if a tree for the data@reaGPS coordinates (latitude, longitude) to road segmentsh Ea
exists in the system, a new branch created at the brokesgrathicle periodically records the following informationing
onto it opportunistically and the existing tree is reusedfe GPS/OBD: (1) Timestamp of the observation (2) Location
2). This implies that the broker is now acting as a publishef the vehicle, in terms of latitude and longitude (3) Speed,
on behalf of the actual publisher. The broker is the proposedmph (4) Heading, indicating the direction of the vehisle’
virtual publisher of data. motion. These readings are fed into the navigation module

Virtual publisher results in reduced advertisement caost, that stores them. Whenever a vehicle comes under the range
the trees are not built for every publisher. The unadvertesg of an access point, it connects to the LWA residing on the
costs are saved to a large extent as the advertisementastltiaccess point and publishes the stored information since the
tree is not torn down when the publisher moves out. Howevéaist publication. These operations are transparent to $be u
if no new publishers attach to the broker for an extendedgeriThe user can query for information about a set of roads, or
of time, brokers send out the unadvertisements tearing dosen request customized traffic alerts through the serviger.la



The subscriptions are stored with the vehicle and whenéeer £rocedure Set 2: Basic Operations of a Broker
vehicle comes under the range of an access point, it conteectprocedure ReceiveFromLWA(Publication Se?)
the LWA and forwards the subscriptions to it. Upon receiving for each Publicatiorp € P do
the publications, appropriate notifications (for eg. anatpf advSet = ¢
the speeds on the roads the user had requested) are presented P € pubTl then
. Updatep.speed
to the user through the service layer.

else
pubT'bl «— p U pubTbl
Procedure Set 1: Basic Operations of LWA advSet — p U advSet
- — Construct Advertisement such thatvp € advSet, a coversp
Procedure ReceiveFromUser(Subscriptio) Send Advertisemeni to all neighboring brokers
subscriptionTbl «— (s.sender, s) U subscriptionTbl . .
Forwards to Broker Procedure ReceiveFromBroker(Advertisemen)

inAdvTbl — a UinAdvTbl

if Publicationp in Cache matches then .
P for eachs € inSubTbl matchinga wheres.sender # a.sender

Sendp to s.sender

. o do
Procedure ReceiveFromBroker(Publication S&9 if (s ,n) ¢ outSubTbl such thats coverss andn = a.sender

Update Cache withP then

for each PUb“C,at'(_)'p € P do outSubTbl — (s, a.sender) U out SubT'bl

if s € subscriptionTbl matchesp then Sends to a.sender
Sendp to s.sender for each neighbor wheren # a.sender do
if (a ,n) ¢ outAdvTbl such thata coversa then
Light Weight Agent (LWA): The Light Weight Agent out AdvThl — (a,n) U out AdvTbl

(LWA) would reside on the DSRC/802.11 access points ex- Senda to n
plicitly deployed by the DOT or they could run on rentedrocedure ReceiveFromBroker(Subscriptios)
hot-spots providing the service. We intend to keep the op-]f”S“bTbl < s UinSubTbl
) . . . or each neighbor do

eratllons of LV_VA very simple. An LWA interacts with the if a € inAdvTbl such thata.sender = n and a matchess
vehicles (publishers and subscribers) and the broker modul then
it is connected to. An LWA comprises of a connection table it (s',m) ¢ outSubTbl such thatm = n ands coverss
and subscription table. The memory requirements would be  then
minimal as the number of subscribers connected to an LWA Sends to n
at any point of time would not be many. The LWA also
maintains a cache of publications which is purged peridyica o N
As in [14], [5], we assume that the user (vehicle) mobility jwould result in higher network .mob|I|ty as compared to the
based orMOVEIN andMOVEOUT operations. These operation@se When a set of access points are connected to a broker
offer users the ability to reconnect to and disconnect froRpde. ) _ )
the system respectively. When the LWA receivesi@vEIN Network Diameter: Network diameter is the angest path
from the user, it creates a state in its connection table. TRgtwWeen any two brokers in the network. It is important
user would then send publications to the LWA. The LWAO minimize the number of hops traveled by any message.
passes the publication set on to the broker module to whifRiS Will lead to reduced latency and processing load on the
it is connected. Other operations of LWA are presented Rfokers.
Procedure Set 1. Broker Topology: We chose to experiment with these two

Broker Module: The basic operations of a broker infoPologies in TRAC: . .
TRAC are similar to that of a traditional pub/sub system, i.e 1. The TREE topology. For this network, a geographical
the broker is responsible for routing of advertisements af¢iéa would be divided into a number of local regions. All the
publications, subscription matching and building the fakt aCcCess points (_LWAs) ina local region would be connected to
trees. In TRAC, the broker also acts as a virtual publish@P€ broker which resides on a separate node. These brokers
by periodically publishing the aggregate information ieeg then form the leaf nodes of a tree topology of brokers. The
from the LWAs in its region. Additionally, it participates TREE topology provides an intuitive way for opportunistic
in optimizations for subscriber mobility. The details ofeth @ggregation and high overlapping of the multicast trees ish

operations of broker module are presented in Procedure. Sepgneficial for a system like TRAC that exhibits good locality
properties. To aid new access points joining the network, a

Broker Overlay registry server would maintain a list of brokers servingheac
The performance of a pub/sub system is influenced by theea. A new access point would contact the registry senar an
organization of the brokers in the pub/sub network. Thembtain the address of the broker responsible for its redios t
are several measures that characterize the quality of brokgtiating the process of joining the network.
network: 2. The PEER topology. In this network, both the broker
Number and Placement of Brokers Placement of brokers module and the LWA would reside on the access point. The
can have a huge impact on the system’s performance. B@cess points are connected in a peer-acyclic topology i.e.
instance, if the broker modules reside on the DSRC accele configuration of connections among the brokers form an
points themselves, then a same amount of physical mobilagyclic graph. Such configuration might provide a bettedloa




balancing when compared to theReEE topology. However, roads, but might only be interested when there is a congestio
since the hierarchical aspect of the network is lost, logali(the notion of congestion might vary with users). For such
would suffer. For new access points, a distributed databasses, users can have customized traffic alerts by regigteri
(like DNS) as proposed in [8] can be used. The database véllsubscription of the form(seg_id = r; A speed < s; Ats <
be hierarchically distributed by region and will maintain &) Vv (seg-id = r; A speed < sj Ats < t)...V (seg-id =
registry of access points and their GPS co-ordinates. Wieener,, A speed < s, Ats < t)}. The use of conjunction operator
a new access point wants to join the network it registerdf itsémplies that users would be notified with a publications only
with the database and obtains a list of neighboring acceb# satisfies constraints on all the predicates.
points. The new access point would then connect only to itsContent Routing Algorithm: Typically pub/sub systems
nearest neighbor. An acyclic network can be thus be createcropose flooding of advertisements as the number of pub-
an incremental fashion. Also, this would preserve the lgcal lishers are far less when compared to subscribers. Another
properties in TRAC. approach would be to use subscription flooding (or directed
: flooding) as in diffusion routing where the number of sub-
Design Aspects . .
scribers are less when compared to the sources (publishers)
We will now discuss the various design choices we madgowever, in our problem scenario, publishers and subswribe
in TRAC: _ _ are equal in number. Both the above approaches would
Pub/Sub Representation LanguagesTRAC uses a simple cause excessive tree (de) constructions due to high mpobilit
subscription language where publications are represemsedof publishers and subscribers. We therefore use the virtual
(attr,val) pairs and subscriptions as predicates. This fallyplisher concept to completely decouple the mobility of
under theFAsT class of algorithms defined in [14]. Thesahe publishers. This indirection provided by the systemnthe
algorithms have a relatively efficient matching algorithtinat equces the problem to the case of static publishers and
can run in O(1) time [7], [4]. The simple language is limitegngpile subscribers. Clearly, flooding of advertisementsigio
in expressiveness when compared to @@MPLEX class of pe petter in this case. We therefore chose to use the standard
algorithms [17], [6]. HowevercoMPLEX class of algorithms routing algorithm with the advertisements being flooded by
require heavier routing computations that has adversetsffeyhe virtual publishers and subscriptions are propagatetén

on the system when mobility is introduced [14]. Since TRAGeverse path. The publications from the virtual publistiees
operates in a highly mobile environment we chose to usef@ow the multicast tree.

simple subscription language. Moreover, the expressseat ) N )
the simple subscription language is adequate for the pagposubscriber Mobility Handling Schemes
of traffic information dissemination. The concept of virtual publisher greatly reduces the (un)
Advertisements and Publications: Each publication has advertisement costs as the system is decoupled of publisher
the attributesseg_id (road segment id)speed andts (times- mobility. However, costs due to subscriber mobility cannot
tamp of publication). Hence, the publications would be dfe avoided as the system has to store state per subscriber in
the form {(seg-id = r;, speed = s;,ts = ts;),(seg-id = order to deliver the publications. A parallel idea waftual
rj,speed = sj,ts = 1s;),...,(segid = r,,speed = subscribermight be helpful, which would essentially mean
sn,ts = ts,)}. An advertisement is used to define the set dhat information about certain road segments would always
publications potentially generated by a publisher. Folynah be coming in to that broker irrespective of whether there
advertisement is expressed as a disjunction of set of booleae any actual subscribers. This would be useful in the case
predicates. A predicate is expressed (asir rel_op wval). where certain road segments are popular. However, if these
Advertisements in TRAC would be of the fordseg_id = segments are popular enough, then the active subscrigiions
r; V segid = r; V seg-id = ry,}, that is basically a list the broker would cover the new subscriptions handling the
of road segments for which a publisher would send out tivirtual subscriber case implicitly. Hence, in order to hat
publications. mitigate the effects of subscriber mobility, we propose the
Subscription Model: TRAC provides users (subscribers¥ollowing schemes:
with two types of queries. (1) A user might want to know STANDARD: The algorithms involved in theSTANDARD
about the average speed on a set of roads of interestsaheme are similar to the ones proposed in [14] except that
him. For such queries, the subscription could simply be ¢f) brokers interact only with the LWAs (2) brokers act as
the form {seg_id = 7 V seg-id = 7y, ...V seg_id = r,}. virtual publishers (3) vehicles only perform the publishdan
Here each predicate is simply concerned with thg_id i.e. subscribe operations and are not involved in advertisesnent
there are no constraints on the average speed on that segr@amsequently, multicast trees are constructed per dataaind
or the timestamp at which the data was published. Note ther publisher. When a subscriber issuesa/EOUT, the LWA
disjunction operator in the subscription, which simplytsta issues the unsubscriptions to the broker module and clears
that the publications must matetleast oneof the predicates the subscriber’s state information subscription and cotioe
of the subscription i.e. a publication should be delivere@bles. The broker on receiving the unsubscription forw#ne
only if it carries information about atleast one of the roadnsubscription to all the neighboring brokers to which ittha
segments the user is interested in. (2) A user might not wasreviously forwarded the corresponding subscription. iAdd
to be continuously updated about the average speeds ontthrally, it finds out all the subscriptions which were pi@vsly



not sent out as they were covered by this subscription. Fdr ea
of these subscriptions, it finds out the matching advertigem
and forwards the subscription. The standard scheme istéepic
in Figure 3. ‘ NN Py K PN
UNSUB-DELAY: The basic idea here is to reuse pre-existing S A N X N
multicast trees by exploiting the locality properties in AR R - N ~
In this scheme, when an LWA receives an unsubscription | +. A EOANLDAN
message from a subscriber, it delays forwarding of this un- |2« o Lod b A T X
subscription to the broker for some amount of time. When the |/ 1 o AT L 7
subscriber issues the subscription again (after conrgedtin ¥ o
one of the nearby access points), there might be a significant SN
overlap between the new tree and the old tree which results |~ A PN N
in less message cost and latency. ¥l _ ¥
PRESUBNBR: In TRAC, there is a high possibility that a : . S 7
subscriber after moving out of an access point connectséo on
of the access points in the neighboring area. INRRESUB  Fig. 4. TRAC Simulator with 650 vehicles driving around in Mettan, NY,
NBR scheme, an LWA exploits this property by sending thgSA
pre-subscriptions to all the neighboring access pointsA&)V
within some radius. When the subscriber issues a subsuripti
from one of these access points, as the multicast tree wouldiffusion delay: Diffusion delay refers to the amount of
already been built, the subscriber can directly receive ttige required for a publication to be delivered to all the
publications. The latency as perceived by the user would lgerested subscribers i.e. the diffusion time begins wihen
minimal in this case. If a subscriber does not connect topalblisher sends out the publications and it ends when these
pre-subscribed access point, unsubscriptions are isdtexcha publications stop propagating in the network.
timeout. Average Cost per Subscription This is the ratio of total
PRESUBPRED The PRESUBNBR scheme results in anumber of subscription/unsubscription messages to thed tot
higher message cost as pre-subscriptions are sent to all nhgber of subscriptions issued by the users.
E\illzhbonng access points. In ﬂH’ﬂRE_SL!B-PRED s_cheme, an TRAC Simulator
upon receiving an unsubscription predicts the next
neighboring access point based on the road segments in thé order to accurately evaluate any vehicular traffic moni-
subscribed path and sends out the pre-subscription. EV@FNg architecture, it is important to generate realigtisuts
though thePRESUBPRED scheme requires more processin§® the system. For this purpose, we have developed our

on the part of LWA, it results in lesser message overhead. own TRAC simulator which is based on GrooveSim [12].
GrooveSim generates a graph based abstraction of streets fo

IIl. EVALUATION any place in the USA by importing the TIGER/Line (Topo-

In this section, we first present the metrics for evaluatidngically Integrated Geographic Encoding and Referercing
and then the simulation set up is described followed by tf2] files. The TIGER/Line files provide a digital database in
simulation results. which road segments are represented by records including
their location in latitude and longitude, name, addresgean
and speed limits. Vehicles can be placed at random addresses

Message costThis is the total number of messages exn the imported map and then driven on the roads based on
changed between the brokers for constructing/tearing dowifferent trip/speed models. Vehicular movements woulehth
the advertisement/multicast trees. be more realistic as TIGER/Line maps restrict the trajéesor

Average delivery ratio: We define this as the ratio of actuako the actual roadways. We developed the TRAC Simulator
number of road segments for which the publications wers enhancing GrooveSim and integrating it with a discrete
delivered to the number of road segments in subscribed patient based simulator which modeled a publish/subscribe
(i.e. the subscription length). system. Communication between the vehicles, access points

Average tree building time: This is the time required for and the brokers is modeled using simple message queues
the subscriptions to reach all the potential sources (w&)ke taking appropriate latencies into account.

The tree building time begins when a subscription message )

is sent to the access point (LWA) by a subscriber. And it Rimulation Setup

complete when the subscription messages stop propagating iWe simulated our experiments using the map of Manhattan
the network and the multicast tree is built. county, New York, USA (service area of 23.7 square miles

Average latency Latency is defined as the minimum timewith a total of 9312 road segments). A total of 92 APs (LWAS)
required for the subscription messages to reach at least aere placed at road intersections, uniformly distributéth\a
source (broker) for each road segment present in the spbscmean distance of around 600 meters. For tReE topology,
tion. the service area was divided int6 regions, each assigned to

x\llg

Evaluation Metrics



Total Sub/UnSub Cost Vs No. of Subscribers
250000

PRESUB-NBR --#
PRESUB-PRED

200000

x

150000

100000

Total Sub/UnSub Cost

50000 f

0,
50

100 150 200 250

Number of Subscribers

300

Fig. 5. Message Cost

Total Sub/UnSub Cost

350

250000

200000

150000

100000

50000

Total Sub/UnSub Cost Vs Speed

0

PRESUB-NBR
PRESUB-PRED

Average Tree Building Time (ms)

STANDARD
PRESUB-NBR
PRESUB-PRED
UNSUB-DELAY

35 40 45 50 55

Speed (mph)

Fig. 6. Message Cost

60

65 70

150
No of Subscribers

250 350

Fig. 7. Avg. Tree Building Time

Average Tree Building Time (ms)

STANDARD
PRESUB-NBR

PRESUB-PRED
UNSUB-DELAY

30

50

Speed (mph)

Fig. 8. Avg. Tree Building Time

f f Mobility Cost per " Cost per
& 200 iy Oa— o5 VO Scheme Subscription Mobility Scheme Subscription
E PRESUB-NBR — —_ PRESUB-NBR —
ERNELI PRESUB-PRED 22 é 6 - PRESUB-PRED 22 STANDARD 1 STANDARD-TREE 1
T g STANDARD-PEER | 2.42
] < PRESUB-NBR 0.71
£ up Pt PRESUB-NBR-PEER | 1.73
5 u § PRESUB-PRED 0.43 PRESUB-PRED-PEER| 1.26
3 o I E IH H IH H UNSUB-DELAY 0.52 UNSUB-DELAY-PEER| 1.57
50 150 250 350 50 150 250 350
No of Subscribers No of Subscribers
Fig. 11. Avg. Cost per Subscrip- Fig. 12. Avg. Cost per
Fig. 9. Average Diffusion Time Fig. 10. Average Latency tion (Normalized wrt. STAN- Subscription _(Normalized  wrt.

DARD)

STANDARD-TREE)

a broker. Thesd6 brokers were leaves of a tree of height 4he neighboring access points inside the range)0f) meters.

and degree 4, resulting a total of 21 brokers. For peer tgyploFor PRESUBPREDapproach, the next access point was figured
the access points were added in an incremental fashion watht based on the subscribed path. The expiration timer fr pr
each new access point connecting only to its nearest neighbobscriptions was set t60 seconds and that for the cached
to form an acyclic graph. The effective range of access poirdtata was set to b& minutes. A50 second delay timer is used
was reduced to around 100-125 meters, based on result§oinuUNSUB-DELAY scheme. The simulation time was set to be

[16], for the publish/subscribe operations.

30 mins. We also had an initial warm up phase 16f mins

We initialized 650 vehicles at random locations in the areé which vehicles only published the data (subscriptionsewe

The velocities of the vehicles were varied frosdmph to

disabled). This was done in order for the system to reach a

70mph. Fixed speed model was used for our simulation steady state, obtaining information for almost all the sad
as to better understand the effects of mobility on TRAC. Eagegments in the area.
vehicle recorded its position (GPS coordinates) producingln these experiments, we evaluate the costs involved in

the (seg_id, speed, ts) tuples at a maximum rate dfHZz*.

supporting (1) mobility and (2) increasing number of sub-

The vehicles subscribed to a randomly chosen path whenesefibers. Since, the vehicles choose a random path, shbscri
under the coverage of an access point and moved along tmdy when they come under the range of an access point and
subscribed path until they reached the destination. Wheruasubscribe as soon as they reach their destinations, ttile to

vehicle moved out of an access point’s rangeg)VEOUT

number of vehicles covered by an access point at any point of

and unsubscription requests were issued to the corresmpndime would be less than the actual number of vehicles served

LWA.

by the system. In our simulations, the maximum number of

The latency for a vehicle’stOVEIN operation was set to Subscribers at any point of time was found to33®. Unless

250ms and that of communication links was set 2ms.

otherwise stated all vehicles move at a speed(ofiph, there

These values were taken from [18], [14]. We also took routir@f€ 250 subscribers that are subscribed to a pathi®foad
computations into account. Since our subscription languisg segments and 8REE topology is used for the broker network.
simple, a FAST matching algorithm can be used to perform

the routing computations. In accordance with the results fresults

[7], [14] we assumed a constant time 2rihs for the opera-
tions of covering, intersection, and matching. Hence, tial t

Message Cost:Figure 5 shows the plot of the total cost
incurred due to subscription/unsubscription messageshés

publication time wagms (matching), subscription and advernumber of subscribers increase, thggregatemobility in-

tisement processing times wetens (covering+intersection).

The brokers send out the new publications everseconds.

creases and so does the cost of supporting@RESUBNBR
scheme requires more messages than any of the schemes as

For PRESUBNBR approach, pre-subscriptions were sent to alhe pre-subscription messages are sent to all the neigtgpori

4This is the maximum rate supported by the latest GPS receiver

access points. TheReEsusPRED scheme performs well with
its message cost almost equal to thasoANDARD scheme as
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the pre-subscription messages are sent to only one neiglboof subscribers thus proving that our architecture is séalab
access point. TheNsuB-DELAY scheme performs better than Average Cost Per Subscription: The average cost for
the other schemes as no extra messages are sent. More@DARD scheme was 7.24 messages/subscription. Figure 11
as most of the times the subscriber moves in to one siiows the normalized cost. The mobility schemes incur tesse
the neighboring access points connected to the same brokest thansTANDARD scheme due to the increased covering by
the subscription costs are further reduced when compagslayed and prefetched subscriptiom8ESUBPRED performs
to the STANDARD scheme. Figure 6 shows the number dbetter than any other scheme at the cost of extra processing
subscription/unsubscription messages with increasingjlito at the LWA.
for 250 subscribers. A faster speed results in more frequentaverage Delivery Ratio: Figure 13 shows the average
tree building and hence a higher message cost. As with t&livery ratio for increasing number of subscribers when
previous casePRESUBNBR has increased message cost anghching is not used. At a high mobility @mph), the average
UNSUB-DELAY scheme performs the best. delivery ratio was found be at arouf@%. Since publications
Average Tree Building Time: Figure 7 shows the averageare sent out every seconds, the delivery ratio suffers in some
time required to rebuild the trees against increasing numlf the cases where a subscribeM®VEIN and MOVEOUT
of subscribers. ThesTANDARD scheme performs very well occur within the5 second interval. Further, as the number
with a tree building time of less thatbms. ThePRESUBNBR  of subscribers increase, covering of subscriptions irsgrethe
and PRESUB-PRED schemes further reduce the tree buildindelivery ratio. With an increase in the speed of the subscsib
time as the subscriber tree is already built before the hctylae average delivery ratio decreases as shown in Figure 14.
subscriptions are sentiNSUB-DELAY scheme also performsHowever, even atOmph, the delivery ratio was found to be
well as in most of the cases, the subscriber connects to #reund99.5% when the publications are cached for a short
same broker (but a different AP). It is important to note thafuration (we purge the cache after 3 mins in our simulation)
all the protocols scale well with increasing the number cft the access points.
subscribers. Even when routing computations are taken intoSubscription Length: We ran experiments to measure the
account, there was no increase in the average tree buildfect of subscription length fa8TANDARD scheme. A higher
time. This is because TRAC uses a simple subscription lagubscription length would have to reach out more number
guage where &AsT matching algorithm is used. Figure 8of publishers thus resulting in increased latency and numbe
shows that tree building time is hardly affected by mohilityof hops to be traversed. We found that the average latency
Again, the proposed mobility schemes perform much bettgicreased fromt.2ms for a subscription length of 5 th4ms
than thesTANDARD scheme. for a subscription length of 20. Similarly, the average quest
Average Diffusion Time and Latency: In Figure 9 the subscription increased from1 to 7.3. These results indicate
average diffusion time is plotted against the number of suthat the effect of subscription length on the system is mahim
scribers. As the number of subscribers increase, it takegelo  Broker Topology: As discussed in section |l, broker topol-
for a publication to reach all the interested subscriber apgy can have a major impact on the performance of any
hence the diffusion time increases. Here, tBANDARD pub/sub system. Figure 15 shows the total message cost
scheme requires a lesser diffusion time as the numberfof STANDARD scheme when usingrREE and PEER broker
actual subscriptions at any point of time is higher for th®pologies. ThesTANDARD-PEERScheme incurs an increased
proposed mobility schemes. The diffusion time RRESUB  message cost when compared S0ANDARD-TREE scheme
NBR is higher as a publication has to reach more number pécause (1pEeRtopology has a larger network diameter (2)
subscribers compared to the other schemes. Increased locality inmrREE topology results in more covering
Fig. 10 shows the the average latency with increasiragnd decreased costs. Figure 16 shows the average treenguildi
number of subscribers. The trend is similar to that of averaime. As expectedPRESUBNBR-PEER and PRESUBPRED-
tree building time with the mobility schemes performingtbet PEERschemes have a lesser tree building time when compared
than theSTANDARD scheme. However, similar to the diffusionto STANDARD-PEER but the STANDARD-TREE incurs even
time, the latency does not vary significantly with the numbégesser cost. Again, this shows the importance of choosing



the right broker topology when designing a pub/sub systetn. the design of TRAC, we propose the concept of virtual
Our experiments with average latency for the above schenmsblisher to completely decouple publisher mobility from
also showed a similar trend. Average cost per subscriptitie system and enable traffic information aggregation from
plotted against the above schemes in Figure 12 again shawsltiple publishers. The locality properties exhibitedliRAC
that while the mobility schemes reduce the average numbemoitigate the effects of subscriber mobility to good extent.
hops traversed, theTANDARD-TREE scheme performs muchWe proposed some mobility schemes that further exploit
better than the rest. these properties by introducing pre-subscriptions andyeel-
unsubscriptions.

The proposed architecture was evaluated through simula-
The results discussed in the previous subsection prove ttieh experiments that accurately model vehicular movement
our STANDARD scheme is scalable in terms of tree bui|ding\/ithin a real street map-based topography_ Our simulations
time, latency, diffusion time and message cost. The praposshow that while the message load on the system increases

mobility schemes show an improvement 0@aInNDARD for  linearly with increase in mobility, the average tree builgli
cost per subscription and provide a lower tree building timgme and latency are impervious. TRAC is able to achieve
However, they come at an added cost of more computation &high delivery ratio even when subscribers move at around
the brokers and in some cases (for BBESUBNBR) a higher 70mph. Further, the delivery ratio improves with the increase
message cost. A tree broker topology is shown to perforifi the number of subscribers thus exhibiting good scalgbili

Summary

better and whenever possible brokers should be configuggi@perties. Finally, we also show the impact of broker toggl

using such a hierarchy.

IV. RELATED WORK

There has been a a lot of interesting prior work in the area
of mobile publish/subscribe systems. Some studies haee al¥
focused on such systems involving vehicles as participantg)
The key difference between TRAC and the prior work is
that TRAC defines the concept of virtualization to build al®
system supporting real-time efficient delivery of data ineayv
dynamic environment. [4]

Muthusamy et. al. presented an extensive study and d%-]
signed protocols to handle mobile publishers in [14]. They
define optimizations to handle publisher mobility by redggi
the cost and time to rebuild the advertisement and multica&
trees. TRAC does not build trees for every publisher. TRAG7
has virtual publishers for semantically-unique piecesnédr-
mation. TRAC also deals with mobile subscribers that are n%]
dealt with in [14].

In [11], the authors have explored the design of a system th&i
can be used for traffic monitoring. However, the study do
not present a detailed description of how the data is being
routed through the network to from the mobile publishers to
the mobile subscribers. [t

An extensive study on the use of 802.11b within vehicles is
done as part of the Drive-thru Internet project [16]. Thehaus [12]
have suggested the idea of a traffic monitoring application
without going into the details of designing such an appiicat

[13], [9], [15] have all proposed the use of vehicular adhdé3]
networks to propagate information amongst various estitiqm]
We believe that the use of adhoc networks limits the scatgbil
of the system as well as localizes information to a Iarger&xte[

V. CONCLUSION

In this paper, we introduced TRAC: a scalable, distribute]
traffic monitoring and data dissemination system. TRAC is
based on a publish/subscribe data delivery model. TRAg)
enables high speed vehicular users to become both puldisher
and subscribers and provides a mechanism for deIiveriHé]
location-aware information to the vehicular users in taak.

on performance of TRAC.
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